Among La 1-x Ca x FeO 3-δ (0 ≤ x ≤ 0.5) compounds, the optimal value of the direct current conductivity was registered for a 20% substituted amount. We therefore attempted to study the impedance and dielectric properties of 20% calcium-substituted lanthanum ferrite. We investigated the electric properties in depth between 5 Hz and 13 MHz from 350 to 800°C. The results reveal interesting properties. Indeed, the perovskite shows a huge dielectric constant which promotes its utilization in high-performance dielectric material applications. At a given temperature, ε' and tan(δ) decrease with increases in frequency. This trend was explained based on the Maxwell Wagner polarization model. The variations in dielectric loss (ε") with frequency obey the Giuntini theory based on the hopping model. As the temperature increases from 350 to 800°C, the binding energy increases from 0.22 to 0.34 eV, while the minimum hopping distance decreases from 2.16 to 0.12 pm. Consideration of the electric modulus analyzes showed that the relaxation mechanism is dominated at below 400°C by a shortrange movement of charge carriers, whereas at above that temperature, a long-range movement of charge carriers is dominant. This study presents a solid foundation for the polarization and dielectric properties of lanthanum ferrite, which is a lead-free, environmentally friendly material and a promising candidate for use in nonlinear optical applications and microwave devices.
Introduction
Semiconducting materials have been the focus of many studies due to their integral role in the microelectronic industry [1] . Among these, lanthanum ferrite, LaFeO 3 , is an important inorganic compound known for its diverse applications in the field of electronics. It crystallizes into an orthorhombic distorted perovskite structure and is characterized by its rich properties and potential applications in solar cells, capacitors and sensors [2] [3] [4] . Over the past few years, increased efforts have been devoted to the synthesis and characterization of this ferrite [5] [6] [7] . In fact, researchers have emphasized the importance of the experimental parameters and their preponderant role in obtaining functional lanthanum ferrite. At the same time extensive research has proposed various alternatives to not only improve the electrical properties of LaFeO 3 but also of others such as its magnetic and optical properties. Among the methods adopted, we can mention the isovalent or aliovalent substitution of lanthanum or iron ions. In fact, a thorough survey of the literature revealed that Na + , Al 3+ , Pb 2+ , Zn 2+ constitute suitable substituents in LaFeO 3 . Indeed, the introduction of Na + resulted in a great enhancement of the dielectric constant (ε') to 10 5 at 100 Hz. However, high loss was registered [8] . In other studies, the effect of antimony doping was investigated by Berchmans et al. [9] . The authors proved that for each Sn 2+ amount, the samples showed a decreasing trend of ε' with increases in frequency. Furthermore, bismuth was succefully incorporated into the LaFeO 3 lattice. ε' and σ ac decreased with increases in the Bi content up to 10% and then increased. The authors suggested that the La 0.9 Bi 0.1 FeO 3 compound is promising for its electric properties [10] . Other studies have paid attention to Al 3+ -substituted LaFeO 3 . It was shown that both ε' and ε" increase with increases in temperature and that there is no anomaly in these variations [11] . Further, it was also demonstrated that Pb 2+ substituted compounds exhibit colossal dielectric permittivity and multiple relaxations [12] .
Apart from lanthanum substitution, the introduction of isovalent or heterovalent cations to the iron site seems to be interesting. In fact, we have already studied the influence of zinc incorporation in a previous work. Promising results were obtained and a significant conductivity improvement with the substitution reported [13] . Titanium-substituted ferrites, on the other hand, exhibit an enormous dielectric constant of between 5.10 3 and 11.10 3 at 100 Hz [14] . Likewise, Idrees et al. [15] investigated the conduction and relaxation phenomena of LaFe 0.9 Ni 0.1 O 3 between 1 Hz and 10 MHz. They proved that at below 296 k, variable-range hopping is adequate to describe the conductivity. However, small polaron hopping becomes a suitable parameter at above that temperature.
La 1-x Ca x FeO 3-δ compounds are of great interest due to their various and interesting properties. In fact, many reports on their magnetic and catalytic properties are available in the literature [16] [17] [18] . However, their dielectric properties have been less investigated. In our previous work, we studied the structural and electrical properties of La 1-x Ca x FeO 3-δ (0 ≤ x ≤ 0.5) compounds and determined motivating results [19, 20] . Of particular note, the direct current conductivity optimal value was registered for the 20% substituted amount. In this regard, we attempted in the present work to study the dielectric behavior of La 0.8 Ca 0.2 FeO 3-δ using complex impedance spectroscopy. The variations in their dielectric parameters with temperature and frequency are reported, in particular. The investigation of the dielectric properties of Ca 2+ -substituted ferrites is intriguing due to the fact that these compounds are lead-free, environmentally friendly materials and easily synthesized in their pure form.
Experimental
La 0.8 Ca 0.2 FeO 3-δ powder was synthesized by the polymerizable complex method. We have already detailed the experimental procedure for lanthanum ferrite preparation in a previous report [21] . Lanthanum nitrate (La(NO 3 ) 3 were used as raw materials. Stoichiometric amounts of the nitrates were dissolved in distilled water. Citric acid and ethylene glycol were added, and the resulting solution was heated at 130°C, dried at 300°C and calcined at 900°C.
The powder was identified using an X-ray diffractometer (Siemens D500) operating with Cukα radiation at room temperature from 5 to 80°.
For the electrical measurement, the calcined powder was pressed into pellets using a uniaxial pressure system under 8 t. The pellets' diameter was 13 mm and their thickness was 2 mm. They were then sintered at 900°C for 2h in atmospheric air and cooled down to room temperature. After sintering, both sides of the pellets were polished and two platinum plates were used as electrodes. Impedance measurements were then carried out using a computer-controlled impedance analyzer (HP4192A) operating at between 5 Hz and13 MHz. The temperature was varied from 350 to 800°C.
Results and discussion
3.1. XRD analyses Figure 1 presents an X-Ray diffractogram of the synthesized powder. A single perovskite phase was obtained at 900°C. The XRD pattern was analyzed using X'Pert High Score Plus software. The objective was to determine the lattice parameters of the perovskite phase and the adequate space group. The first step consisted of determination of the peak positions and both the absolute and relative maximum intensities of the reflections. The experimental diffractogram was then compared with the ICDD (International Center for Diffraction Data) reference base data. All the diffraction peaks in Figure 1 matched well with the ICDD PDF 74-2203. The next step was indexation of the reflections and determination of the lattice parameters. For this purpose, we used the DICVOL program integrated into the X'Pert High Score Plus software. The results thus obtained revealed that the Ca 2+ -substituted lanthanum ferrite crystallized into an orthorhombic unit cell with the Pbnm space group N. 62 and the cell parameters a = 5.501 Å, b = 5.511 Å and c = 7.822 Å.
Impedance spectroscopy analyses
3.2.1. Variations in the impedance real part with frequency and temperature Figure 2 (a) reports the evolution of the impedance real part Z' with frequency. For each studied temperature, we can identify three distinct parts: one frequencydependent part and two frequency-independent parts. As concerns the frequency-independent part, the Z' behavior can be explained by pure resistance of the grains. For the frequency-dependent part, however, the resistance and capacitance of the grains contribute simultaneously to the observed response [22] .
As regards the temperature effect, the Z' values decreased with increases in temperature in both the low-and high-frequency ranges. This behavior was attributed to thermally activated conductivity. At above 400 Hz, the Z' values merged out regardless of temperature. This can probably be explained by a release of the space charge. The latter resulted from a reduction in the material barrier properties with increases in temperature [23] . Figure 2 (b) illustrates the evolution of the impedance imaginary part Z" with frequency. For each temperature studied, Z" increased with increases in frequency until attaining a maximum value (Z" max ), after which it decreased. The observed trend reveals an electrical relaxation phenomenon. As regards the temperature effect, every peak intensity decreased with increases in temperature. The reason behind this behavior was a decrease in the samples' resistance with increases in temperature. On the other hand, the relaxation peak was observed to broaden with increases in temperature, revealing a thermal relaxation process [24] . Figure 3 (a) displays the normalized spectra (Z"/Z" max ) as a function of frequency at different temperatures. The results reveal a clear overlapping of all the curves, suggesting that the relaxation dynamics are not affected by the temperature. This behavior implies that the same relaxation mechanism is occurring in the perovskite lattice. The fusion of all the spectra reveals a possible release of the space charge [25] .
Variations in the imaginary impedance part with frequency and temperature
The activation energy of the relaxation units (E r ) can be calculated from the linear fit of the experimental data in Figure 3 (b) using the following Arrhenius relation [26] :
where f 0 is a pre-exponential factor, T the temperature and k B the Boltzmann constant. From the slope of Ln(f max ) versus the (1/T) plot given in Figure 3 (b), we determined E r to be 77 meV.
On the other hand, it is known that the activation energy values indicate the nature of the charge carriers involved in the dynamics of relaxation and conduction. In fact, when n-type polarons contribute to the process, the activation energy is lower than 0.2 eV. For p-type polarons, however it is higher than 0.2 eV [27] . As concerns the ionic contribution generally occurring via oxygen ions and vacancies, the activation energy is higher than 1 eV [28, 29] .
The value obtained for the activation energy in the present study indicated the existence of n-type polarons within the perovskite lattice. Electrons were therefore hopping between mixed valence state iron cations in octahedral coordination via oxygen vacancies. This process requires low activation energy. In fact, the energy barrier of electron hopping between mixed valence state iron cations was significantly lowered by the bridging effect of the ionized oxygen vacancies [30] . Similar behavior was reported by Mahato et al. [31] .
Dielectric study
The impedance data were used to evaluate the dielectric behavior of the lanthanum ferrite using the following relations:
where ε' is the real permittivity part known as the dielectric constant and ε" is the imaginary part known as dielectric loss, ω is the angular frequency and C 0 ¼ ε 0 A e is the empty cell capacitance (ε 0 is the vacuum permittivity, A the cross-sectional area of the pellet surface and e its thickness).
Variations in ε' with frequency and temperature
The dielectric constant values are plotted as a function of frequency at different temperatures in Figure 4 (a). At 350°C, ε' varied between 22527 (at 5 Hz) and 350 (at 13 MHz). For any given temperature, it is seen that ε' decreased slowly with increases in frequency up to 200 Hz. At above this frequency value, a very sharp decrease is recorded. Thereafter, ε' attained a constant value. A similar trend was observed for all the temperatures studied. At low frequencies, high dielectric constants were obtained. These probably emanated from the space charge and the Maxwell Wagner polarization processes. The first type of polarization originates from the presence of free charges built up at the interface between the sample and the electrodes, while the second is created by the free charges present at the interface within the sample bulk [32, 33] . To further support these observations, we replotted our data based on the universal dielectric response model [33] . Under these conditions, the charge carriers' hopping between spatially fluctuating lattice potentials not only produces conductivity but also gives rise to the dipolar effect. We therefore plotted Ln(f*ε') versus Ln(f) for some selected temperatures in Figure 4 (b). As shown, the fitting curves follow a linear behavior in the studied frequency range. On the basis of the results obtained, we can conclude that Maxwell-Wagner polarization and space charges are the main factors contributing to the high ε' observed at low frequency.
Hence, the observed trend in Figure 4 (a) can be understood as follows: in the low frequency region, dipoles align themselves with the applied field direction and polarize the studied lanthanum ferrite. When the frequency increases, variations in the electric field become so rapid that the dipoles cannot follow them and the polarization is decreased [34] . This behavior is reflected in Figure 4 (a) by the decrease in ε' in the high-frequency range. At above 3 kHz, all the dielectric curves merge out irrespective of temperature and ε' tends toward zero.
It is interesting to note that an immense dielectric constant (ε' > 10 3 ) is obtained over a broad temperature range for the La 0.8 Ca 0.2 FeO 3-δ perovskite. Since the dielectric constant is proportional to the refractive index squared (n 2 ) [35, 36] , lanthanum ferrite is clearly a promising candidate in the field of nonlinear optics such as optical fibers [37] and Simulated Raman Scattering devices [38] .
It is worth noting, moreover, that the immense dielectric constant obtained in this study is much larger than that reported in our previous study on pristine LaFeO 3 [39] . Indeed, for the substituted compound, ε' is 18 times higher than that measured for the parent oxide. A possible explanation of this behavior is that calcium substitution produces more mixed valence state ions and defects and that these contribute to enhancement of ε'.
To investigate the dielectric behavior further, we attempt to propose the most likely dipole formation mechanism in La 0.8 Ca 0.2 FeO 3-δ . In fact, understanding the polarization origin remains an important tool. Our efforts were therefore focused on funding an explanation for the electron exchange contributing to the observed dielectric trend.
In fact, ferrites are generally prepared at high temperatures. During the calcination stages, only a very small number of oxygen anions can be lost. This results in the creation of positively charged oxygen vacancies. These intrinsic defects are presented in the Kroger-Vink [40] notation according to the following equation:
where O x o is an oxygen occupying the oxygen site in the lattice, O 2 oxygen gas and V O a doubly positively charged oxygen vacancy.
Additionally, electrons generated from Equation (4) may partially reduce the number of Fe 3+ cations, giving rise to Fe 2+ ions (Equation (5)).
where Fe x Fe is a trivalent iron cation occupying the iron site in the lattice and Fe Fe ð Þ 0 an iron site carrying an effective negative charge due to the presence of Fe 2+ .
The same Fe 3+ reduction mechanism was reported in our previous study on LaFeO 3 electric properties [39] .
Apart from intrinsic oxygen vacancies, the lanthanum substitution would probably cause the formation of oxygen defects and iron ions in a tetravalent state. Indeed, to preserve electroneutrality, the substitution of a given cation by one with a lower valence can either decrease the number of oxygen anions, increase the transition metal oxidation state in the lattice, or both [41] . Based on the electroneutrality principle already cited, we summarize below a possible defect formation mechanism in La 0.8 Ca 0.2 FeO 3-δ .
Oxygen vacancies can arise from the substitution as follows:
where ðLa La Þ x is a trivalent lanthanum cation occupying the lanthanum site in the lattice and Ca La ð Þ 0 a lanthanum site carrying an effective negative charge due to the presence of Ca 2+ .
The oxygen vacancies formed according to Equation (6) are, moreover, in equilibrium with the atmospheric oxygen. This probably results in hole formation, as given by the following equation:
Alternatively, the holes formed in the perovskite lattice may partially oxidize the trivalent iron cations to form Fe 4+ ions. Equation (8) summarizes the reaction leading to tetravalent iron creation:
where Fe Fe ð Þ is an iron site carrying an effective positive charge due to the presence of Fe 4+ .
In a similar fashion, we have proposed a mechanism for Fe 4+ and oxygen vacancy formation in Zn 2+substituted lanthanum ferrite [13] . As mentioned earlier, both Fe 4+ and Fe 2+ are present in the perovskite lattice. In these circumstances, one can determine the most probable dipoles that might be formed in the oxide. In fact, the presence of Fe 2+ in Fe 4+ sites creates a doubly negatively charged iron site noted as Fe Fe 
It is interesting to note that the singly ionized oxygen vacancies are formed during the sintering process. They are also retained in the structure even at room temperature [42] . The equation for V O formation is given below:
Kumar et al. [43] have also reported a similar mechanism of electric dipole formation in the case of lanthanum chromite.
With the application of the AC signal, the dipoles, already cited, can change their orientation. This is probably due to an electron exchange between divalent, trivalent and tetravalent iron cations (Fe 2+ ◆ Fe 3 + ) (Fe 3+ ◆ Fe 4+ ) or to hopping of oxygen ions between oxygen vacancies. When the applied field frequency increases, the electron exchange speed slows down and the charge carriers become increasingly localized. This results thereby in a decrease in the dielectric constant.
As concerns the temperature effect, Figure 5 shows an increase in ε' with temperature at 8 Hz. In fact, the dielectric constant increases from 2500 to 303,034 when the temperature rises from 350 to 800°C. The reason behind this behavior may be that the dipoles mentioned previously dissociate with increases in temperature. Charge carriers are then intercepted at the grain boundaries due to their high resistance. As a result, barriers are formed at the grain-grain boundary interfaces, giving rise to a high dielectric constant.
On the other hand, the increase in the dielectric constant with temperature is due to the effect of the mixed valence occupation (Fe 3+ , Fe 4+ ) of the B site of the perovskite lattice. This behavior induces a disturbance of the polar order at long distance (ferroelectric) resulting in the formation of polar nano regions [44, 45] .
It is reported, moreover, that the activation of oxygen vacancies in the perovskite lattice is temperature dependent [46] . In fact, the vacancies are blocked at low temperatures. As the temperature rises, however, they are thermally ionized. Therefore, the numbers of charge carriers and defects increase with increases in temperature. The latter are accumulated at the grain boundaries, resulting in enhancement of the interfacial and space charge polarization. This behavior supports the increase in the dielectric constant with temperature. Singh et al. [47] reported similar behavior for KNbO 3 perovskite oxide.
Furthermore, it is of interest to note that ε' increases sharply from 2500 to 250,000 between 350 and 500°C, whereas the dielectric constant shows nearly thermal stability with further rises in temperature from 500 to 800°C. Such feature is important for high performance dielectric materials applications.
Variations in ε"
with frequency and temperature Figure 6 (a) depicts the evolution of the imaginary part of permittivity (ε") with frequency at different temperatures. It is evident that ε" for any given temperature decreases with increases in frequency. In the high-frequency range, ε" is found to be almost independent of the AC field frequency. Similar behavior was also registered for pristine LaFeO 3 . The latter exhibits dispersion in the lowfrequency range, followed by a frequency-independent trend in the high-frequency range [39] .
It is known that the origins of the dielectric loss are conduction losses, dipole relaxation losses and vibrational losses [48] . A close inspection of Figure 6 (a) reveals that high values are obtained for ε" at low frequencies. This behavior arises mainly from the contribution of charge carrier jumps, conduction loss and dipolar losses, whereas vibrational losses are probably the only source of the observed dielectric loss at high frequencies.
Concerning the temperature effect, conduction, dipolar and vibration losses have minimum values at low temperatures, but these losses increase with increases in temperature. This explains the increase in the ε" values with temperature.
In order to acquire a deeper insight into the La 0.8 Ca 0.2 FeO 3-δ transport properties, we attempted to evaluate the barrier height to be overcome by charge carriers entering the lattice. As a matter of fact, the dielectric loss ε" can be described by Giuntini's law [49] on the basis of the hopping model. It is simplified as follows:
where A is a constant that depends on temperature, ω the angular frequency and m an exponent describing the degree of interaction between the dipoles in the lattice. The latter is related to the maximum barrier height (W M ) in accordance with the following expression:
where K B is the Boltzmann constant and T the temperature. The Ln(ε") versus Ln(ω) plot is displayed in Figure 6 (b). This can be used to determine the m values, and the maximum barrier height can then be calculated according to Equation (11) . The results obtained reveal that W M increased from 0.22 to 0.34 eV when the temperature rose from 350 to 800°C (Figure 7 ). This is reasonable because with increases in temperature, the dipoles inside the lattice can dissociate and the charge carriers intercept at the grain boundaries to form barriers. The height of these latter increases with increases in temperature.
To proceed further with the investigation of the La 0.8 Ca 0.2 FeO 3-δ electric properties, we have estimated the minimum hopping distance R min . It is calculated according to Equation (12) using the binding energy values. Figure 7 reports the R min evolution with temperature at 50 Hz. The results obtained reveal that R min decreases from 2.16 to 0.12 pm when the temperature rises from 350 to 800°C.
where e is the electron charge, ε' the dielectric constant and ε 0 the permittivity of free space.
Variations in tanδ with frequency and temperature
Tanδ represents the electric energy lost as heat during the polarization process when an alternating current field is applied. The loss values (tanδ) are calculated using the following equation:
where δ is the phase difference between the applied electric field and the induced current. The dielectric loss evolution with frequency at different temperatures is depicted in Figure 8 . Results for a specified temperature show a decreasing trend for dielectric loss with increases in frequency. In the highfrequency range, tanδ remains frequency independent.
This behavior can be explained to some extent based on the grain and grain boundary impedance [50] . In fact, due to the grain boundaries' contribution, lanthanum ferrites possess high impedance at low frequencies. In the high-frequency range, however, the sample exhibits low impedance due to the grain contribution. Thus, exchanges between iron cations become difficult because of the ferrite's high impedance. Therefore, high energy is needed for the electron transfer, and a high dielectric loss occurs at low frequencies. In the high-frequency range, however, low energy values are required for electron motion. This is reflected in the low dielectric loss in Figure 8 [51] .
An interesting characteristic observed in this study is the low loss values at high frequencies. These losses arise from the Joule effect on the free electrons that are only within skin depth [52] . In this high-frequency range, the electromagnetic field is confined to the material surface. We therefore attempted to explain the results based on the penetration depth δ, which is expressed as:
where ω is the angular frequency, μ 0 the free space permeability and σ the conductivity [53] .
Equation (14) shows that δ is dependent on ω and σ. As already reported in Figure 2 (a), low Z' values are obtained at high frequencies, a result that reflects high conductivity values. Such high σ values would probably result in low δ values at high frequencies. Thus, in this frequency range, the generated heat is confined to the surface. This characteristic makes lanthanum ferrite a potential candidate for applications in highfrequency microwave devices [54] . 
Modulus study
To investigate the electric transport in the sample further, we employed the electric modulus. We also compared the spectroscopic plots the imaginary parts of the impedance Z" and modulus M". In fact, use of the modulus enabled us to analyze the dynamic aspects of the electric transport phenomena. The M" values were therefore calculated at different frequencies for a given temperature according to the following equation:
As a matter of fact, the modulus M" is often used together with the impedance Z" in order to distinguish the microscopic process responsible for localized dielectric relaxation and long-range conduction. Indeed, it is known that combining the plots of Z" and M" with respect to frequency is a convenient tool often used to determine whether the short-range or long-range movement of charge carriers dominates the relaxation process. In fact, if the Z" and M" plots overlap, a longrange movement of charge carriers in the lattice is indicated, whereas, their separation reveals that the relaxation process is dominated by shortrange transport [54] .
In view of the above statements, we compare Z" and M" plots for some selected temperatures in Figure 9 . It is evident that there is a significant mismatch between the Z" and M" peaks at 350°C. This behavior reveals that the charge carriers are localized and do not contribute to long-range conduction. At 400°C, however, we note that the Z" and M" peaks occur at the same frequency. This reveals that the charge carriers are delocalized and contributing to long-range conduction. A similar behavior is observed for the other temperatures studied.
In this study, we present our efforts to analyze the dielectric behavior of the lanthanum ferrite. In fact, a thorough understanding of the origins of polarization remains an important tool for use in designing a functional lanthanum ferrite suitable for highperformance nonlinear optical applications and microwave devices.
Conclusion
The present work is a contribution to the study of the dielectric properties of La 0.8 Ca 0.2 FeO 3-δ . As concerns the electric properties, complex impedance spectroscopy analyses were carried out. The dielectric data were analyzed based on the universal dielectric response model. The present study reveals interesting features. In fact, a gigantic dielectric constant is obtained at different temperatures. At low frequencies, both ε' and tan(δ) show a dispersive trend. This behavior was explained based on the Maxwell Wagner polarization model. On the other hand, we proposed the most likely mechanism for explaining the observed dielectric behavior. The variations in ε" with frequency obey Giuntini's law. From the dielectric data, we estimated the binding energy (W m ). It increases from 0.22 to 0.34 eV when the temperature rises from 350 to 800°C. However, the minimum hopping distance (R min ) shows a decreasing trend from 2.16 to 0.12 pm. As concerns the modulus analyses, the results show that the short-range movement of charge carriers dominates the relaxation process at 350°C, whereas at 400 and 500°C, the long-range movement becomes predominant. 
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